Many animal species display exceptionally bright iridescent coloration caused by interference or diffraction from a periodic surface microstructure. Although many mollusks are colored, only few utilize such a form of structural coloration. We are not referring to the well-known pearly appearance that is due to the nacreous layer found on the inner surfaces of most shells, but to small brightly colored spots on the outer surface. The Helcion pruinosus is one such example. We show by optical measurements and scanning electron microscopy ͑SEM͒ that coloration in this shell is indeed of a structural nature based on thin-film interference from a layered quarter-wave stack tilted by approximately 24°with respect to the outer surface. The microstructure is embedded in the transparent top layer of the shell approximately 50 m below the surface. By comparing the SEM and optical measurements, we were able to establish that the layered structure is made from a birefringent material ͑crystalline aragonite͒ giving slightly different spectral peaks for S-and P-type reflections.
Introduction
Iridescent colors caused by interference or diffraction from surface microstructures are well known in the animal world. [1] [2] [3] [4] Many insect species, especially moths 5, 6 and butterflies, 7 utilize these so-called structural colors to create striking colored patterns, which can be highly directional and are often associated with polarization effects. However, apart from the well-known pearly appearance on the smooth inside surfaces of many shells, 8 iridescent coloration is relatively rare for seashells. A possible reason could be that their outside surfaces are invariably exposed to harsh abrasive conditions, which will quickly erode away any delicate microstructure smooth enough to create optical interference effects.
The Helcion pruinosus mollusk, 9 commonly known as a rayed limpet, and a few related species such as H. pellucidus 10 and Patella granatina 9 are exceptions. The rayed limpet is covered with hundreds of tiny bright green spots, roughly 0.50 mm in diameter and neatly arranged along rays running from the apex of the shell to the perimeter ͑see Fig. 1͒ . Apart from these colored dots, the shell has a dull brownish yellowish color varying from a light, almost transparent appearance in young specimens to a dark, almost black surface for older shells. The spots light up only when illuminated and viewed at a narrow angle to the surface along a line from apex to perimeter. It is also quite remarkable that the iridescent spots remain visible even for dead shells washed up on the shore and exposed to wind and the Sun for many months ͑provided that they are briefly dipped into water to wet the surface͒.
The strong directionality of the iridescence led us to suspect that the green spots are related to some nearsurface microstructure, such as a localized sequence of thin layers, producing structural color by optical interference. Initial scanning electron microscopy ͑SEM͒, however, produced no indication at all of any kind of regular pattern on the surface. This together with the capability of the spots to survive harsh surroundings led us to believe that the microstructure is somehow hidden inside the shell wall, covered by a transparent protective layer.
After a spectroscopic investigation it was evident that the coloration could be explained by the presence of a quarter-wave thin-film stack, tilted by an angle of approximately 24°with respect to the surface along one of the rays ͑see Figs. 2 and 3͒. Once the kind of structure and its orientation were known, it was possible to polish a thin section of the shell cut perpendicularly through the expected thin layers.
Following a detailed SEM investigation, the expected embedded thin-film stack was found approximately 50 m below the outer surface and only in the green-spot regions.
In this paper we show and discuss a number of reflection spectra recorded for a range of illumination and observation angles. From these measurements, important structural features of the microstructure can be inferred. Unexpected and interesting polarization effects were also observed. In addition to the optical characterization, the predicted structural features were confirmed by SEM studies ͑see Fig. 3͒ . Special techniques were required to handle and characterize the fragile and optically highly nonideal interfaces.
Experiment
Reflection spectra were recorded with a 0.64-m JobinYvon monochromator fitted with a S20 photomultiplier with a 2-nm resolution. Two different experimental arrangements, shown in Figs. 4͑a͒ and 4͑b͒, were used. In both cases the light source was a small tungsten-halogen lamp and a collimator ͑a 1.5-mm pinhole was placed in the focus of an f ϭ 150-mm lens͒. This arrangement produces a fullangle beam divergence of 0.01 rad ͑0.57°͒ and should have roughly the same lateral coherence as sunlight. 7 In the setup of Fig. 4͑a͒ , separate lenses are used to focus the light on the sample ͑L2 produces a spot diameter of approximately 0.3 mm͒ and to collect the scattered light ͑L3͒. This allows one to change the directions of the incident and scattered beams over a wide range of angles. We limited the collection angle to approximately Ϯ3°by placing a 5-mm slit in front of L3. This is essential as the interfaces are sufficiently rough to scatter light over a substantial solid angle with different rays following different op- tical paths and hence are subject to different interference conditions. The sample was a small piece of a shell that we lightly polished to reduce surface scattering ͑which produces the same effect as wetting the shell͒ and mounted on a rotation table to adjust the angle of incidence. In the second setup ͓Fig. 4͑b͔͒ a single lens is used to focus and collect the light. This arrangement allows one to measure with a small angle between incident and scattered light. It also seems to give the brightest color from the spots with virtually no influence from surface reflections. In both arrangements plane polarizers are placed in the incident and reflected beams to allow separate recording of P-type ͑electric field parallel to the plane of incidence͒ and S-type ͑electric field perpendicular to the plane of incidence͒ reflection spectra.
Spectra of the light source itself were also recorded for both polarizations with all optical elements in place, and we normalized all recorded spectra from the sample by dividing point by point with the source spectra. In this way sensitivity variations of the photomultiplier and polarization and wavelength efficiency variations in the monochromator are compensated for.
For the SEM studies, we cut strips from the shell along one of the rays of bright spots using a diamond cutting wheel, and we then embedded the strips in an epoxy resin. The sides of the strips were then polished with a diamond polishing compound to a final grade of 0.25 m and then washed in methanol to remove any traces of polishing residue. Samples were then coated with a thin carbon layer to create a conductive surface as required by the SEM technique. We then obtained SEM micrographs by recording backscattered images with a Joel 5800 scanning electron microscope fitted with a Centaurus detector.
Results and Discussion
Because of the roughness of the interfaces between layers, light scattered from the microstructure does not strictly adhere to laws of refraction and specular reflection. In addition, the outgoing beam also contains a contribution that is due to scattering and reflection from the outer surface of the shell. Consequently, with the setup of Fig. 4͑a͒ it was impossible to find an unambiguous orientation of the sample corresponding to a specular reflection from the internal structure after we fixed the directions for the incoming and outgoing beams.
An example of such wrong spectra is shown in Fig.  5 , which shows reflection spectra for an angle of 55°b etween the incoming and the outgoing light. The solid curves were recorded for a sample orientation giving a maximum signal, and the dotted curves correspond to spectra recorded with the sample rotated 40°away from this position, which roughly corresponds to the correct sample orientation for a specular internal reflection ͑see below͒. Visual inspection of the shell placed in position for maximum signal shows that this position corresponds to a specular reflection from the outer polished surface. In fact this procedure turned out to be a useful way to de- Fig. 4 . Experimental arrangements used to obtain reflection spectra. ͑a͒ Separate lenses ͑L2 and L3͒ are used to focus the incoming light and to collect the outgoing beam. This arrangement allows recordings of reflection spectra over a large range of angles. ͑b͒ A single lens is used to focus the incident light and to collect the scattered beam. This arrangement allows measurement at small angles between incident and outgoing beams, and is necessary to determine the orientation of the thin-film stack. LS, tungsten source; L1, collimating lens; M, aluminum-coated mirror; P1 and P2, linear polarizers; MON, monochromator and detection setup; S, sample. Fig. 4͑a͒ . The solid curves represent spectra recorded at a direction close to specular reflection from the surface. The dotted curves are spectra recorded along directions close to specular reflection from the internal thin-film stack. P, polarization, which is shown as the finely dotted curve.
termine the position of the surface normal to the shell.
Using the small-angle arrangement of Fig. 4͑b͒ , we were able to find a shell orientation corresponding to a specular reflection from the internal microstructure as the surface reflection is now too far away to significantly influence the measurement. The result of a measurement of signal strength versus angle of incidence for this case is shown in Fig. 6 . For both polarizations an unambiguous maximum is obtained at an angle of incidence around 38°. This corresponds to an observation direction of 42°from the surface normal ͓the angle between incoming and outgoing beams is 4°, see Fig. 4͑b͔͒ , and it therefore places the ͑external͒ direction of the normal on the thin-film stack halfway in between at approximately 40°Ϯ 5°.
As shown in Fig. 6 , we can obtain a strong reflected signal over a fairly wide range of angles of incidence ͑by just rotating the sample͒ because of the rough interfaces. If one ignores the small angle ͑approxi-mately 4°͒ between incoming and outgoing beams, the angular dependence of the spectral position of the reflection peak should follow the well-known behavior of a thin-film stack under oblique incidence 11 :
where m is the order of interference, n is the index of refraction, d is the physical layer thickness, and in i is the angle of incidence in the thin film. Normally, reflected light would move away from the interface at an angle out i ϭ in i ; however, in this case it is scattered back along the incoming path still approximately at angle in i , and Eq. ͑1͒ still applies. According to Eq. ͑1͒, the peak wavelength 0 reaches its long-wavelength extreme for normal incidence ͑ in i ϭ 0͒ on the internal thin-film stack. At oblique incidence where in i 0, 0 is reduced and the peak shows a blue shift. Figure 7 clearly shows this effect when the sample is rotated in the setup of Fig. 4͑b͒ , and it can be seen that the red extreme is reached at the same angle of incidence as for a maximum signal, confirming that this position of the sample gives a specular reflection from the internal structure and that the ͑external͒ normal to this microstructure is indeed at n e ϭ 40°Ϯ 5°. The direction of the internal normal ͑see Fig. 2͒ is then given by Snell's law:
where n is the index of refraction. Supposing that the rayed limpet is made of aragonite 12 ͑a form of calcium carbonate͒ like most members of the gastropod family it belongs to, n can take values of 13,14 1.531, 1.680, and 1.686 ͑for the sodium D lines at 589.0 and 589.6 nm͒ along the principal axes. Evidently the crystal is almost uniaxial with an ordinary index of refraction n o Х 1.68 and an extraordinary index of refraction n e Х 1.53. Therefore, assuming a polycrystalline form of aragonite and using an average value of n ϭ 1.6 in Eq. ͑2͒, one can see that the thin-film structure is tilted by an angle n i Х 24°with respect to the shell outer surface.
Once the orientation and dimensions ͑optical thickness ϭ n d ϭ 0 ͞4͒ of the thin films were known, a detailed SEM investigation was performed, and the internal structure responsible for the green iridescence was found at approximately 50 m below the outer surface as shown in Fig. 3͑a͒ .
It is now also possible to return to the more flexible experimental arrangement of Fig. 4͑a͒ . As above, we could determine the direction of the surface nor- Fig. 6 . Intensity of scattered light versus angle of incidence recorded with the small-angle setup of Fig. 4͑b͒ . Intensity values were taken at the spectral peak in the range 450 -650 nm. A maximum signal is obtained when a specular reflection occurs on the internal thin-film stack. mal by simply orienting the sample for maximum signal in the vicinity of the expected surface specular reflection. When we simply apply ray tracing according to Snell's law to the incoming, first refracted, backscattered, and final refracted beams, it is straightforward to calculate the direction of the outgoing beam ͑relative to the surface normal͒ as a function of the total deviation angle between ingoing and outgoing beams. Because both these quantities are readily measured experimentally, one can now orientate the sample correctly for any deviation angle. It should be stressed that this procedure is essential, as simply searching for a maximum signal is not reliable for the setup in Fig. 4͑a͒ because of the large range of scattering angles obtained.
Results obtained in this way are summarized in Figs. 8 and 9 . Reflection spectra for S-and P-polarized light are shown in Fig. 8 . Recordings are shown for the smallest ͑ d ϩ d Ј ϭ 35°͒ and largest ͑ d ϩ d Ј ϭ 75°͒ deviation angles, which could be reached with the arrangement of Fig. 4͑a͒ . As expected from Eq. ͑1͒, a considerable blue shift occurs for the larger angle. The somewhat large peak width is due mainly to variations in the orientation of the thin layers across the width of the sample beam clearly visible in the SEM micrographs of Fig. 3 . Some degree of asymmetry can be seen in the spectrum and could be due to the presence of a secondorder interference peak in the ultraviolet or to interfering blue scattering from the surface. The difference in intensity for the two polarizations depends on the deviation angle and is probably mainly due to polarization-dependent signal losses at the outer surface. Figure 9 summarizes the results obtained at five different deviation angles within the possible observation range; as expected for a thin-film stack, a clear consistent blue shift is evident as the deviation angle is increased. It is also interesting that the peak position is significantly different for the two polarizations. One reasonable explanation for this effect is that the layers in the thin-film stack must have single-crystal properties in that the same physical thickness d results in different optical thicknesses n o d and n e Јd ͑with n e Յ n e Ј Յ n o ͒ for the two polarizations. The solid curves represent best fits of Eq. ͑1͒ to the experimental data with the refractive index as a parameter. We obtained a value of d ϭ ͑80 Ϯ 5͒ nm for the physical layer thickness from the SEM micrographs by averaging over a large number of the darker, thinner layers. For this value of d, the best fit produced refractive-index values of 1.67 and 1.57 for S and P polarizations, respectively, which fits in well with the values of 1.68 and 1.53 for n o and n e for aragonite. This is, however, no conclusive proof of single-crystal properties. In between the thin layers, slightly thicker ͑lighter colored͒ layers are seen. On average these are approximately 15% thicker; if it is then assumed that they also have an optical thickness of a quarter wavelength, their refractive indices should also be lower by the same amount. This represents a fairly low contrast in refractive index between adjacent layers, implying a low reflectivity per interface, which is probably one reason for the large number of layers in the thin-film stack ͑see Fig. 3͒ . Presumably these layers are made from a slightly porous form of aragonite with a lower density and based on an effective-medium 15 approach, also a lower index of refraction.
Aragonite exhibits a relatively small dispersion 14 of n F Ϫ n C ϭ 0.0128, where F and C represent the wavelengths of the hydrogen F ͑486.1 nm͒ and C ͑656.3 nm͒ lines. This means that the Brewster angle changes by less than 0.2°and that the optical thickness of the thin layers vary by only approximately 0.7% over the visible range. This is much Fig. 8 . Reflection spectra recorded with the more versatile setup of Fig. 4͑a͒ . Solid curves represent recording for a deviation angle of 35°, and the dotted curves show recordings made for a deviation angle of 75°. In the latter case the outgoing beam is at a grazing angle to the shell surface. Fig. 9 . Experimental measurements of the position of the spectral peak for various deviation angles between incoming and outgoing beams. The circles are for S polarization and the squares for P polarization. The solid curves represent a best fit of Eq. ͑1͒, with the index of refraction as a parameter, to the experimental data.
less than the statistical fluctuations ͑roughly 6%͒ in physical layer thickness as shown in Fig. 3͑b͒ . For this reason, we ignored dispersion effects in describing the coloration.
Conclusion
We have shown that the iridescent green spots on the Helcion pruinosus shell behaves optically exactly like a quarter-wave thin-film stack tilted at an angle of 24°with respect to the shell surface. A SEM investigation revealed that this microstructure is located approximately 50 m below the shell surface, which protects it against harsh environmental conditions and makes it extremely robust. A small but unambiguous blue shift is observed if the observation angle is increased. This shift is not easily seen by visual inspection because the internal angle of incidence on the thin-film stack changes only by approximately 15°as the external viewing angle is varied from the external normal on the structure to near grazing incidence. Comparison between the SEM and the optical studies allows one to make an estimate of the refractive index of the material that the thin-film structure is made from. It closely agrees with that of crystalline aragonite that, because of its birefringent properties, gives slightly different spectral peaks for S-and P-type reflections.
